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Abstract 
The floating cup principle is a general hydrostatic principle for both constant and 
variable displacement pumps and motors, as well as for hydraulic transformers. In this 
paper, the focus will be entirely on the control of the displacement of the variable 28 cc 
Floating Cup pump (FCVP28). The floating cup principle features two opposed swash 
plates, for which both angular positions need to be controlled in order to cover the 
entire range from zero to full displacement. The results of both extended numerical 
analysis as well as simplified linearized models will be compared to test results on a 28 
cc FCVP. Special emphasis will be on the dynamic behaviour of the displacement 
control. 
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1. Introduction 
The Floating Cup (FC) principle is a relatively new axial piston principle /1…5/. Unlike 
in bent axis and slipper type machines, the pistons are locked onto the main rotor i.e. 
drive shaft. Furthermore, the cylinders are detached and separated from the barrel: 
each piston has its own, cuplike cylinder, which is ‘floating’ on and supported by a 
rotating barrel plate. Piston rings are not needed; the piston crown has a cavity, which 
will make the piston expand to a same degree as the cylinder annex cup, thereby 
closing the gap between the piston and its paired cylinder under all circumstances.  
The FC-principle is essentially a multi-piston principle. The number of pistons is 
typically somewhere between 24 and 30 pistons, which is three to four times as much 
as in current axial piston principles. The pistons are arranged in two rings, one on each 
side of the central rotor. The swash angle of the barrels is limited to about 8°. 
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Fig. 1: Inner parts of the FCVP28, excluding bias springs, bearings and shaft seal 
 
 
Fig. 2: The FCVP-prototype excluding the control valve 
 
In 2005, a variable displacement floating cup pump (FCVP28) was presented by 
INNAS /6/. The FCVP28 is an open circuit pump with a maximum displacement of 28 
cc. The pump is designed for operating pressures up to 350 bar and has the same 
control options as conventional open circuit pumps, including a position feedback of the 
swash plates for power control.  
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This paper is about the control itself. Section 3 describes the general principle of the 
swash plate control. A special hydraulic control circuit is applied in the FCVP, which is 
described in section 4. Two simulation models have been developed: a straightforward 
linear model and a detailed sophisticated non-linear model. Section 5 describes the 
test results and compares these with the results from the simulation models.  




Fig. 3: Swash plate bearings (high pressure side in red and low pressure side marked blue) 
 
There are several challenges to the design of the variable displacement floating cup 
pump. The first and biggest challenge is the supply of oil to and from the barrels via the 
swash plates. The barrels run on port plates, which are located on top of the swash 
plates. The lubricated interface between the rotating barrel and the stationary port plate 
is one of the most delicate design details of axial piston machines, acting both as a 
face seal and a thrust bearing. On each side of the pump, oil needs to be supplied to 
the low-pressure side, via the swash plate and the port plate to the barrel. During the 
pump stroke, the oil is forced to the high pressure side, through the swash plate to the 
channels and ducts in the housing.  
Another bearing and sealing interface is on the backside of the swash plate, where the 
oil is passing from the housing to the swash plate and vice versa. Both sealing and 
bearing interfaces require a minimum deformation of the components, despite the high 
hydrostatic loads and possible temperature effects. 
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One of the advantages of the floating cup principle is the small maximum tilt angle of 
the swash plate: for the open circuit floating cup pump considered here, the swash 
plate position only needs to be varied between 0 and 8°. The relatively small angular 
variation facilitates the contact between the moving ports of the swash plate and the 
stationary ports of the housing. 
In the FCVP28, both swash plate positions are varied and controlled. The control does 
not need to be simultaneous, but could also be sequential, having one swash plate 
rotating before the other. However, also if both swash plates are controlled in the same 
way, then the control angles do not need to be exactly equal at all times. In the end, the 
average angular position of both swash plates will determine the total displacement of 
the FCVP28. This average swash angle can simply be determined by a small and 
simple mechanism as shown in Figure 4. The mechanism causes the central pin to 
move up and down. The pin is connected to the optional control valve, and sets the 
position of the inner spool valve, thereby limiting the power output of the pump. This 
option is not further discussed in this paper.  
 
Fig. 4: Power control option with a feedback of the average swash plate position 
 
3. Swash plate actuation and position control 
In the FCVP28, the bias springs and the bias pistons push the swash plates initially to 
the maximum swash angle. The torque of these pistons and springs is counteracted by 
the control pistons and cylinders annex cups (see Figure 5). Each swash plate has one 
bias piston and two control pistons and cups, which are essentially the same as the 
pistons and cups of the rotating group. 
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 Fig. 5: One of the swash plates piston including the control pistons,  
the bias piston and the bias spring 
 
The load on the swash plate bearing needs to be reduced to the minimum: 
 Impact wear and brinelling are known issues for the bearing races of the swash 
plate. The wear can only be reduced by means of reducing the load; 
 Bearing loads are rather unpredictable reaction forces, which make it much 
more difficult to minimize the structural deformation of the swash plates; 
 Bearing loads create friction and stick-slip effects, which are difficult to handle in 
control systems. They limit the dynamic performance of the pump control. 
In order to fulfil this requirement, several measures have been taken: 
 Each barrel has an even number of cups and pistons: the FCVP28 has 24 
pistons, 12 on each side, of which 6 pistons are always creating an axial load 
on the swash plate. This results in an almost constant axial barrel force, which 
can be balanced by the size and position of the bearing ports at the back of the 
swash plate; 
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 Each swash plate has two actuators, which are positioned in opposite 
directions. As a result, the actuators create a pure torque and there is no net 
axial force from the actuators acting on the swash plate; 
 Hard end stops, to limit the minimum and maximum swash plate positions, are 
avoided. Instead, a hydraulic valve system is build to limit the swash plate 
system (see /7/ and /8/ for further details). 
 
4. Damping the swash plate oscillations 
The most important load on the swash plates comes from the rotating group of cups. 
But also the centrifugal forces and the potential friction forces create a torque load, 
which tends to tip the swash plate /9/. The torque is not constant but varies strongly as 
a result of the rotating movement of the barrels and the continuous variation between 
high and low pressure levels. This torque load is counteracted by the actuator or 
control pistons.  
The variation of the torque load results in an oscillation of the angular position of the 
swash plate. This also occurs in conventional axial piston pumps /10/, but the 
oscillation behaviour will be somewhat different in the FCVP /7, 8/ due to the larger 
number of pistons, the even number of pistons instead of odd number of pistons and 
the much lower friction between the swash plate and its bearing. 
In conventional pumps, the actuators act as dampers or shock breakers, thereby using 
the resistances in control valve to build up pressure in the control cylinders. Aside from 
the oscillation damping, the resistances used in the valve also define the dynamic 
behaviour of the pump control. Figure 6 shows the extended and simplified 
representation of the pump control. The control can be regarded as a series of a 
variable and a constant resistance. The circuit acts as a pressure divider, which is 
needed for the variation of the control pressure. But it also uses the resistances to 
damp the swash plate oscillation. The combined functionality sets limits to both the 
control and the damping function. 
168 10th International Fluid Power Conference | Dresden 2016
 Fig. 6: Hydraulic circuit (left) and simplified diagram (right) of a conventional pump control  
 
 
Fig. 7: Simplified hydraulic circuit for the floating cup pump. The valves indicated with ß are 
applied to limit the maximum swash angle 
 
In the FCVP, the double, mirrored construction is used to split these two functions. 
Figure 7 shows the simplified hydraulic circuit. The pair of actuators of each swash 
plate is represented in this figure by just a single piston, one for the left swash plate, 
and for the right. The oscillation of the left swash plate is out of phase with the 
oscillation of the right swash plate (Figure 8). Oil is therefore transferred from the left 
actuator to the right, and vice versa, thereby passing the resistances R5. The 
construction offers much better opportunities for optimisation than the conventional 
control valve.  
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 Fig. 8: Swash plate oscillation and actuator pressure for the two swash plates of the FCVP, 
measured at 200 bar and 1500 rpm (see Figure 2 for the definitions of mount and cover side) 
 
5. Swash plate control 
The FCVP28-prototype is equipped with a standard DFR-valve of a Bosch Rexroth 
A10VSO-pump. The valve is integrated in the hydraulic circuit shown in Figure 7, in 
which resistances R3 and R4 represent the resistances of the DFR-valve. The 
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resistances indicated with R5 are optimized for damping the swash plate oscillations. 
These resistances can be found again in the diagram of the test circuit (Figure 9.). In 
this figure, the floating cup pump is depicted as a combination of two variable 




Fig. 9: Test circuit. The FCVP28 is illustrated as a combination of two variable displacement 
pumps, having a common shaft and housing. 
 
The flow control part of the DFR-valve is set at a ∆p of 20 bar. The pump flow is 
delivered to two variable resistances R1 and R2 in series, followed by a pressure relief 
valve. A 2/2-valve is included parallel to R1. When this valve is opened, the pump flow 
bypasses this resistance. By doing this, the test mimics a sudden change in the flow 
demand. The flow-control part of the DFR-valve responses to the change, and 
increases or reduces the average pressure in the actuators. This results in a change of 
the swash plate positions and, consequently, in a change of the flow through the 
metering resistance R2 or the combines resistance of R1 plus R2. The bypass valve is 
opened manually. The opening time is estimated to be 0,1 seconds. 
Figure 10 shows two test results at a pump pressure of 200 bar and a rotational speed 
of 1500 rpm. Both the pump discharge pressure and the rotational positions of the 
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swash plates are shown. The measurements show that both swash plates respond 
almost synchronically: the swash angle variation on the mount side is almost identical 
to the swash angle variation of the cover side. The swash plates are only linked 
together via the hydraulic circuit as shown in Figure 9. 
 
Fig. 10: Measured and simulated pump pressure and swash angle at 200 bar and 1500 rpm. 
The time scale on the horizontal axis is 0,1 second per division. 
 
Both a linear and a detailed non-linear model have been developed. The linear model 
is a straightforward model of the FCVP28, based on similar algorithms as have been 
applied for conventional slipper type pumps. In order to account for the swash plate 
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oscillations and other more detailed phenomena, an extended non-linear model has 
been conceived. The basic outlines of this model are described in earlier literature [11]. 
As can be seen in Figure 10, both models are adequate to predict the general dynamic 
behaviour of the pump. The most important differences relate to the variation of the 
discharge pressure as a response to the switching of the bypass valve of resistance R1.  
6. Conclusion and future work 
Tests and analysis of a prototype of a 28 cc variable displacement floating cup pump 
(FCVP28) have proven that it is possible to control both swash plates with a single 
pump control. The swash plates respond almost identical to the signals of the control 
valve. A new configuration has been applied in which the damping function of the 
control valve can be isolated of the control function itself. The response time of the 
FCVP28 is about 0,1 seconds. In this measurement we have taken the DFR-valve from 
Bosch Rexroth as it is.  
In a next phase of the development, the simulation models will be used to modify and 
optimize the design of the control valve and its parameters. 
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Th
is
 is
 a
 p
ict
ur
e 
of
 H
ol
la
nd
 Is
la
nd
 
H
ou
se
, c
lo
se
 to
 W
a
sh
in
gt
on
 D
C 
in
 th
e 
US
. T
he
 h
ou
se
 is
 a
bo
ut
 a
s 
ol
d 
as
 th
e 
sw
a
sh
 p
la
te
 p
rin
cip
le
. I
t h
as
 b
ee
n 
a 
w
o
n
de
rfu
l p
la
ce
 to
 liv
e,
 a
nd
 m
an
y 
ge
ne
ra
tio
ns
 g
re
w 
up
 in
 th
is 
ho
us
e.
Bu
t i
t i
s 
a 
bi
t w
or
n 
do
wn
 a
nd
 s
le
az
y, 
do
n’
t y
ou
 a
gr
ee
? 
No
w,
 
su
pp
os
e,
 y
ou
 
a
re
 s
til
l i
n 
th
e 
bu
sin
es
s 
of
 s
el
lin
g 
th
is 
‘p
ro
du
ct
’ (a
nd
 re
me
mb
er,
 
th
is
 is
 a
 
m
e
ta
ph
or
!). 
W
ha
t c
an
 yo
u d
o?
10
.IF
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re
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ar
ch
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01
6
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O
f c
ou
rs
e 
yo
u 
ca
n 
sc
ar
e 
aw
ay
 th
e 
bi
rd
s,
 re
bu
ild
 th
e 
ch
im
ne
y 
of
 th
e 
rig
ht
 
w
in
g…
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 D
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…
pe
rfo
rm
 n
um
er
ou
s 
FE
M
-a
na
lys
is 
a
n
d 
CF
D 
ca
lcu
la
tio
ns
…
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 D
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…
ha
ve
 a
 n
ew
 ro
of
 a
nd
 re
pa
in
t t
he
 
w
a
lls
. 
An
d 
if 
th
at
 is
 s
till
 n
ot
 e
no
ug
h,
 y
ou
 c
an
 
u
lti
m
at
el
y 
pi
m
p 
it 
up
, w
ith
 s
om
e 
of
 th
e 
la
te
st
 e
le
ct
ro
ni
c 
de
vic
es
 a
nd
 m
od
er
n 
m
e
a
n
s 
o
f c
om
m
un
ica
tio
n.
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 D
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Bu
t, 
al
l t
hi
s 
do
es
 n
ot
 s
ol
ve
 th
e 
ke
y 
pr
ob
le
m
. I
t i
s 
st
ill 
an
 o
ld
 h
ou
se
 w
ith
 a
 
ro
tte
n 
fo
un
da
tio
n 
th
at
 c
an
 n
ot
 b
e 
re
pl
ac
ed
.
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 D
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N
ow
,
 
co
n
si
de
rin
g 
th
at
 th
is 
wa
s 
a 
m
e
ta
ph
or
,
 
w
ha
t d
oe
s 
it 
te
ll a
bo
ut
 th
e 
life
 c
yc
le
 a
nd
 fu
tu
re
 o
f t
he
 s
wa
sh
 p
la
te
 
pr
in
cip
le
? 
W
ha
t e
xa
ct
ly 
ar
e 
its
 
fo
un
da
tio
ns
 a
nd
 h
ow
 ro
tte
n 
ar
e 
th
ey
?
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O
ne
 o
f t
he
 k
ey
 p
ro
bl
em
s 
is 
of
 c
ou
rs
e 
th
e 
hi
gh
 lo
ad
 in
 th
e 
co
nt
ac
t b
et
we
en
 
th
e 
pi
st
on
 a
nd
 it
s 
cy
lin
de
r. 
Th
e 
fu
ll 
hy
dr
os
ta
tic
 p
ow
er
 is
 tr
an
sf
er
re
d 
via
 
th
es
e 
sl
id
in
g 
co
nt
ac
ts
. T
hi
s 
is
 m
os
t 
ce
rta
in
ly,
 
fu
nd
am
en
ta
lly
 w
ro
ng
.
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 D
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Pi
st
on
 p
um
ps
 a
nd
 m
ot
or
s 
ar
e 
po
sit
ive
 
di
sp
la
ce
m
en
t m
ac
hi
ne
s.
 T
he
y 
al
wa
ys
 
ha
ve
 s
lid
in
g 
in
te
rfa
ce
s,
 a
nd
 th
er
ef
or
e 
a
lw
ay
s 
ca
us
e 
fri
ct
io
n 
an
d 
we
ar
.
 
Bu
t, 
it 
is
 th
e 
co
m
bi
na
tio
n 
of
 s
tro
ng
 lo
ad
s 
an
d 
hi
gh
 re
la
tiv
e 
ve
lo
cit
ie
s 
th
at
 is
 th
e 
pr
im
e 
ca
u
se
 o
f h
ig
h 
lo
ss
es
 a
nd
 s
tro
ng
 w
ea
r i
n 
th
es
e 
m
ac
hi
ne
s.
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 D
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D
ea
d 
vo
lu
m
es
 c
an
 a
lso
 c
on
tri
bu
te
 to
 
si
gn
iﬁc
an
t l
os
se
s.
 T
he
 d
ea
d 
vo
lu
m
e 
ca
n
 b
e 
de
cr
ea
se
d,
 s
im
pl
y 
by
 h
av
in
g 
so
lid
 p
ist
on
s.
 B
ut
 th
is 
st
ro
ng
ly 
in
cr
ea
se
s 
th
e 
pi
st
on
 m
as
s 
an
d 
th
e 
ce
n
tri
fu
ga
l f
or
ce
s,
 w
hi
ch
, a
ga
in
, r
es
ul
ts
 
in
 s
tro
ng
er
 fr
ict
io
n 
lo
ss
es
 a
nd
 h
ig
he
r 
w
e
a
r,
 
bu
t a
lso
 in
 a
n 
in
cr
ea
se
d 
tip
pi
ng
 
to
rq
ue
 o
f t
he
 b
ar
re
l.
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Th
is
 a
ga
in
, i
nc
re
as
es
 th
e 
re
qu
ire
d 
ax
ia
l 
be
ar
in
g 
fo
rc
e 
of
 th
e 
ba
rre
l, 
an
d 
th
us
 
fu
rth
er
 e
sc
al
at
es
 th
e 
fri
ct
io
n 
be
tw
ee
n 
th
e 
ba
rre
l a
nd
 th
e 
po
rt 
pl
at
e.
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 D
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Th
e 
sw
as
h 
pl
at
e 
pr
in
cip
le
 is
 a
lso
 
ch
ar
ac
te
riz
ed
 b
y 
a 
ve
ry
 lim
ite
d 
nu
m
be
r 
o
f p
ist
on
s,
 ty
pi
ca
lly
 b
ei
ng
 n
in
e.
 T
he
 
sm
a
ll 
nu
m
be
r o
f p
ist
on
s 
is 
a 
fu
nd
am
en
ta
l c
au
se
 o
f n
oi
se
, l
ar
ge
 ﬂ
ow
 
a
n
d 
pr
es
su
re
 p
ul
sa
tio
ns
 a
nd
 s
tro
ng
 
to
rq
ue
 v
ar
ia
tio
ns
.
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So
…
th
es
e 
ar
e 
th
e 
ro
tte
n 
fo
un
da
tio
ns
, 
w
hi
ch
 a
re
 in
he
re
nt
 to
 th
e 
sw
as
h 
pl
at
e 
pr
in
cip
le
. A
nd
 le
t m
e 
ad
d 
an
ot
he
r o
ne
:
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 D
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th
e 
co
nt
ro
l. 
Th
e 
co
nt
ro
l o
f t
he
 s
wa
sh
 
pl
at
e 
po
sit
io
n 
is 
ex
tre
m
el
y 
in
ef
ﬁc
ie
nt
. 
H
ig
h 
lo
ss
es
 o
cc
ur
 in
 th
e 
co
nt
ro
l v
al
ve
, 
a
n
d 
of
te
n 
al
so
 in
 th
e 
sw
as
h 
pl
at
e 
be
ar
in
gs
.
I a
m
 v
er
y 
pl
ea
se
d 
th
at
 ﬁ
na
lly
 s
om
e 
re
se
a
rc
h 
is
 b
ei
ng
 p
er
fo
rm
ed
 in
 th
is 
di
re
ct
io
n.
 Y
e
st
er
da
y, 
M
r. 
Ja
n 
Lu
x 
fro
m
 
IF
AS
 g
av
e 
an
 in
te
re
st
in
g 
pr
es
en
ta
tio
n 
a
bo
ut
 th
is 
m
os
t u
rg
en
t t
op
ic.
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M
r. 
Lu
x 
al
so
 s
ho
w
ed
 th
at
 th
er
e 
ar
e 
po
ss
ib
ilit
ie
s 
to
 re
du
ce
 th
es
e 
lo
ss
es
, f
or
 
in
st
an
ce
 b
y 
m
ea
ns
 o
f e
le
ct
ric
 a
ct
ua
to
rs
 
a
n
d 
m
od
er
n 
el
ec
tro
ni
c 
co
nt
ro
ls.
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Bu
t, 
in
 th
e 
m
at
ur
e 
ph
as
e 
of
 a
 p
ro
du
ct
 
cy
cle
, t
he
se
 im
pr
ov
em
en
ts
 a
re
 o
fte
n 
o
ffs
et
 b
y 
ot
he
r d
et
rim
en
ta
l e
ffe
ct
s:
 th
is 
is
 th
e 
so
-c
al
le
d 
wa
te
rb
ed
 e
ffe
ct
. 
As
 a
n 
ex
am
pl
e:
 it
 is
 p
os
sib
le
 to
 re
du
ce
 
th
e 
lo
ss
es
 o
f t
he
 d
isp
la
ce
m
en
t c
on
tro
l, 
bu
t t
he
 s
ol
ut
io
n 
ea
sil
y 
do
ub
le
s 
or
 tr
ip
le
s 
th
e 
co
st
s 
of
 th
e 
to
ta
l p
um
p.
 
10
.IF
K,
 D
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In
 o
rd
er
 to
 h
av
e 
a 
be
tte
r u
nd
er
st
an
di
ng
 
o
f t
he
 p
ro
bl
em
s 
of
 th
e 
pu
m
p 
co
nt
ro
l, 
we
 
ha
ve
 to
 g
o 
to
 th
e 
ba
se
m
en
t, 
to
 th
e 
ve
ry
 
fo
un
da
tio
n 
of
 th
e 
va
ria
bl
e 
di
sp
la
ce
m
en
t 
sw
a
sh
 p
la
te
 p
um
p.
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Th
is
 c
ro
ss
 s
ec
tio
n 
sh
ow
s 
a 
–m
or
e 
or
 
le
ss
– 
st
an
da
rd
 s
ol
ut
io
n 
fo
r o
pe
n 
cir
cu
it 
pu
m
ps
. T
he
 m
os
t i
m
po
rta
nt
 
co
m
po
ne
nt
s 
ar
e:
•
th
e 
ro
ta
tin
g 
gr
ou
p;
•
th
e 
sw
as
h 
pl
at
e;
•
th
e 
bi
as
 p
ist
on
 a
nd
 s
pr
in
g;
•
th
e 
co
nt
ro
l p
ist
on
;
•
a
n
d 
–o
f c
ou
rs
e–
 th
e 
co
nt
ro
l v
al
ve
.
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 D
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Th
e 
co
nt
ro
l o
f a
 p
um
p 
ca
n 
be
 s
im
pl
iﬁe
d 
by
 s
ho
wi
ng
 ju
st 
tw
o r
es
ist
ors
 in
 se
rie
s. 
Pu
m
p 
co
nt
ro
ls 
ar
e 
es
se
nt
ia
lly
 p
re
ss
ur
e 
di
vid
er
s,
 s
im
ila
r t
o 
th
e 
in
ef
ﬁc
ie
nt
 
re
si
st
iv
e 
di
vid
er
s 
in
 th
e 
ol
d 
da
ys
 o
f t
he
 
e
le
ct
ric
 in
du
st
ry
.
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N
ow
,
 
le
t’s
 
ha
ve
 a
 d
et
ai
le
d 
ob
se
rv
at
io
n 
a
n
d 
be
tte
r u
nd
er
st
an
di
ng
 o
f w
ha
t 
a
ct
ua
lly
 h
ap
pe
ns
 in
sid
e 
th
e 
pu
m
p.
 T
he
 
sw
a
sh
 p
la
te
 ro
ta
te
s 
ar
ou
nd
 th
e 
in
di
ca
te
d 
ax
is.
Th
e 
re
d 
ar
ro
w 
re
pr
es
en
ts
 th
e 
re
su
lta
nt
 
fo
rc
e 
of
 a
ll t
he
 p
ist
on
s 
of
 th
e 
ro
ta
tin
g 
gr
ou
p.
 T
hi
s 
fo
rc
e 
cr
ea
te
s 
a 
to
rq
ue
 lo
ad
 
o
n
 th
e 
sw
as
h 
pl
at
e.
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Th
e 
fo
rc
e 
m
ov
es
 u
p 
an
d 
do
wn
, w
hi
le
 
th
e 
pu
m
p 
ro
ta
te
s.
 A
s 
a 
re
su
lt,
 th
e 
to
rq
ue
 lo
ad
 o
n 
th
e 
sw
as
h 
pl
at
e 
is 
no
t 
o
n
ly 
ve
ry
 s
tro
ng
, b
ut
 a
lso
 v
er
y 
dy
na
m
ic.
Fo
r a
 ra
th
er
 s
m
al
l 4
0 
cc
 p
um
p,
 b
ei
ng
 
o
pe
ra
te
d 
at
 3
00
 b
ar
,
 
th
is
 la
te
ra
l t
or
qu
e 
ca
n
 a
lre
ad
y 
be
co
m
e 
ab
ou
t 2
00
 N
m
. 
D
riv
en
 b
y 
th
is 
va
ry
in
g 
to
rq
ue
 lo
ad
, t
he
 
sw
a
sh
 p
la
te
 s
ta
rts
 to
 o
sc
illa
te
. A
nd
, a
s 
yo
u 
ca
n 
se
e,
 th
is 
os
cil
la
tio
n 
ca
n 
be
 
qu
ite
 h
ef
ty.
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Fo
r a
 c
or
re
ct
 o
pe
ra
tio
n 
of
 th
e 
pu
m
p,
 
th
e 
os
ci
lla
tio
n 
am
pl
itu
de
 n
ee
ds
 to
 b
e 
m
in
im
iz
ed
. T
he
re
 a
re
 v
ar
io
us
 o
pt
io
ns
:
•
yo
u 
ca
n 
ei
th
er
 c
re
at
e 
a 
lo
t o
f f
ric
tio
n 
be
tw
ee
n 
th
e 
sw
as
h 
pl
at
e 
an
d 
th
e 
cr
a
dl
e 
be
ar
in
g;
•
o
r 
yo
u 
ca
n 
us
e 
th
e 
re
sis
ta
nc
es
 o
f t
he
 
ﬂo
w 
co
nt
ro
l a
nd
 le
t t
he
 c
on
tro
l p
ist
on
 
do
ub
le
 a
s 
a 
sh
oc
k 
ab
so
rb
er
.
Bu
t, 
no
 m
at
te
r w
ha
t s
ol
ut
io
n 
yo
u 
ch
oo
se
, a
ll 
of
 th
is 
is 
fri
ct
io
n,
 a
nd
 re
su
lts
 
in
 e
ne
rg
y 
di
ss
ip
at
io
n 
an
d 
ef
ﬁc
ie
nc
y 
re
du
ct
io
n.
 A
nd
 to
 m
ak
e 
th
in
gs
 e
ve
n 
w
o
rs
e
, 
in
 a
dd
itio
n,
 th
er
e 
is 
a 
co
ns
ta
nt
 
ﬂo
w 
lo
ss
 a
cr
os
s 
th
e 
pu
m
p 
co
nt
ro
l.
Bo
th
 e
ffe
ct
s,
 th
e 
da
m
pi
ng
 a
nd
 th
e 
ﬂo
w 
lo
ss
es
, h
av
e 
a 
st
ro
ng
 n
eg
at
ive
 e
ffe
ct
 
o
n
 th
e 
ef
ﬁc
ie
nc
y. 
In
 th
e 
be
st
 p
oi
nt
, t
hi
s 
lo
ss
 is
 o
fte
n 
as
 h
ig
h 
as
 5
%
. B
ut
 fo
r 
a
ve
ra
ge
 o
pe
ra
tin
g 
co
nd
itio
ns
, t
he
se
 
lo
ss
es
 o
fte
n 
am
ou
nt
 to
 1
0,
 2
0%
 o
r 
e
ve
n
 h
ig
he
r.
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It 
is
 a
bs
ol
ut
el
y 
cle
ar
 th
at
 th
is 
sit
ua
tio
n 
n
e
e
ds
 to
 b
e 
so
lve
d.
 W
e
 
n
e
e
d 
a 
so
lu
tio
n 
th
at
 re
du
ce
s 
th
e 
lo
ss
es
 o
f t
he
 c
on
tro
l 
sy
st
em
, w
ith
ou
t d
et
er
io
ra
tin
g 
th
e 
dy
na
m
ic 
be
ha
vio
r o
f t
he
 p
um
p,
 o
r t
he
 
du
ra
bi
lity
 o
f t
he
 s
wa
sh
 p
la
te
 b
ea
rin
gs
, 
a
n
d 
wi
th
ou
t c
au
sin
g 
an
 e
xp
lo
sio
n 
of
 th
e 
co
st
s 
of
 th
e 
pu
m
p.
W
ha
te
ve
r t
he
 s
ol
ut
io
n 
w
ill 
be
, i
t w
ill 
no
t 
be
 a
n 
in
cr
em
en
ta
l in
no
va
tio
n.
 It
 w
ill 
be
 
a
 b
ig
 s
te
p,
 a
 ra
di
ca
l in
no
va
tio
n.
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Th
e 
va
ria
bl
e 
di
sp
la
ce
m
en
t ﬂ
oa
tin
g 
cu
p 
pu
m
p 
is 
ce
rta
in
ly 
su
ch
 a
 ra
di
ca
l 
in
no
va
tio
n.
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Th
e 
ﬂo
at
in
g 
cu
p 
pr
in
cip
le
 fe
at
ur
es
 a
 
do
ub
le
, m
or
e 
or
 le
ss
 m
irr
or
ed
 
co
n
st
ru
ct
io
n.
 It
 h
as
 tw
o 
sw
as
h 
pl
at
es
, 
bo
th
 o
sc
illa
tin
g 
in
 c
ou
nt
er
 p
ha
se
.
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Th
e 
sw
as
h 
pl
at
es
 h
av
e 
a 
clo
se
 to
 
10
0%
 b
al
an
ce
 o
f t
he
 a
xia
l h
yd
ro
st
at
ic 
fo
rc
es
. A
s 
a 
re
su
lt,
 th
e 
fri
ct
io
n 
of
 th
e 
sw
a
sh
 p
la
te
 b
ea
rin
gs
 is
 e
xt
re
m
el
y 
sm
a
ll.
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Fu
rth
er
m
or
e,
 in
 th
e 
ne
w
 d
es
ig
n,
 th
e 
da
m
pi
ng
 a
nd
 c
on
tro
l f
un
ct
io
ns
 a
re
 
se
pa
ra
te
d.
 T
he
 p
um
p 
co
nt
ro
l it
se
lf 
is 
o
pt
im
ize
d 
fo
r t
he
 c
on
tro
l f
un
ct
io
n 
on
ly,
 
w
ith
ou
t n
ee
di
ng
 to
 m
ak
e 
a 
co
m
pr
om
ise
 
fo
r t
he
 o
sc
illa
tio
n 
da
m
pi
ng
. 
D
ue
 to
 th
e 
m
in
im
al
 fr
ict
io
n 
of
 th
e 
sw
as
h 
pl
at
e 
be
ar
in
gs
, t
he
 a
ct
ua
to
rs
 c
an
 b
e 
sm
a
ll.
 A
s 
a 
re
su
lt,
 o
nl
y 
sm
al
l a
m
ou
nt
s 
o
f o
il n
ee
d 
to
 b
e 
su
pp
lie
d 
fo
r c
ha
ng
in
g 
th
e 
sw
as
h 
pl
at
e 
po
sit
io
ns
.
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W
ith
 th
e 
ne
w
 d
es
ig
n 
we
 a
ch
ie
ve
d:
•
a
 s
tro
ng
 re
du
ct
io
n 
of
 th
e 
be
ar
in
g 
lo
ad
;
•
a
n
d 
sm
al
l o
sc
illa
tio
n 
am
pl
itu
de
s.
•
Th
e 
ne
w
 c
on
tro
l i
s 
al
so
 fa
st
 a
nd
 
st
ab
le
 in
 th
e 
fu
ll r
an
ge
 o
f o
pe
ra
tin
g 
co
n
di
tio
ns
;
•
Bu
t, 
m
os
t i
m
po
rta
nt
ly,
 
w
e
 m
a
n
a
ge
d 
to
 
de
cim
at
e 
th
e 
lo
ss
es
 o
f c
ur
re
nt
 p
um
p 
co
n
tro
ls
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In
 th
e 
pr
ev
io
us
 y
ea
rs
, I
 h
av
e 
ha
d 
m
an
y 
di
sc
us
sio
ns
 w
ith
 th
e 
in
du
st
ry
 a
bo
ut
 
in
no
va
tio
n.
 V
e
ry
 o
fte
n,
 I 
am
 to
ld
 –
or
 
m
a
yb
e 
I s
ho
ul
d 
sa
y, 
I a
m
 w
ar
ne
d–
 th
at
 
th
e 
hy
dr
au
lic
 in
du
st
ry
 is
 a
 v
er
y 
co
n
se
rv
a
tiv
e 
in
du
st
ry
,
 
a
n
d 
th
at
 it
 is
 v
er
y 
di
fﬁ
cu
lt,
 if
 n
ot
 im
po
ss
ib
le
, t
o 
ac
hi
ev
e 
a
n
y 
in
no
va
tio
n 
at
 a
ll.
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Bu
t, 
if 
th
er
e 
is 
an
y 
in
du
st
ry
 th
at
 s
ho
ul
d 
be
 c
on
se
rv
at
ive
, t
ha
n 
it 
is 
th
e 
civ
il 
a
vi
at
io
n 
in
du
st
ry
.
 
N
ev
er
th
el
es
s,
 th
is
 
in
du
st
ry
 c
on
st
an
tly
 re
ne
ws
 it
se
lf.
 In
 th
e 
pa
st
 1
00
 y
ea
rs
 it
 h
as
 h
ad
 a
t l
ea
st
 4
 
ra
di
ca
l t
ec
hn
ol
og
y 
ch
an
ge
s 
or
 
re
vo
lu
tio
ns
.
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Th
e 
hy
dr
au
lic
 p
um
p 
an
d 
m
ot
or
 in
du
st
ry
 
ha
s 
ha
d 
jus
t o
ne
. A
nd
 in
 th
e 
pa
st
 3
0 
ye
ar
s 
no
th
in
g 
ha
pp
en
ed
.
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Le
t u
s 
ha
ve
 a
 la
st
 v
ie
w
 a
t o
ur
 
m
e
ta
ph
or
,
 
th
e 
H
ol
la
nd
 Is
la
nd
 h
ou
se
. 
Th
is
 h
ou
se
 is
 o
ne
 o
f t
he
 ﬁ
rs
t v
ict
im
s 
of
 
cl
im
at
e 
ch
an
ge
. 
Si
nc
e 
th
e 
ho
us
e 
wa
s 
bu
ild
, t
he
 s
ea
 
le
ve
l h
as
 ri
se
n 
by
 a
bo
ut
 2
5 
cm
. H
ea
vy
 
st
or
m
s 
ha
ve
 e
ro
de
d 
wh
at
 w
as
 le
ft 
of
 
th
e 
is
la
nd
.
To
 
re
ph
ra
se
 th
is 
in
 te
rm
s 
of
 th
e 
ﬂu
id
 
po
we
r i
nd
us
try
: o
ur
 m
ar
ke
t h
as
 
ch
an
ge
d 
in
 th
e 
pa
st
 c
en
tu
ry
,
 
a
n
d 
wh
at
 
u
se
d 
to
 b
e 
a 
pe
rfe
ct
 s
ol
ut
io
n 
-th
e 
sw
a
sh
 p
la
te
 p
rin
cip
le
- i
s 
no
t ﬁ
t f
or
 th
e 
n
e
w
 e
n
vi
ro
nm
en
t a
ny
m
or
e.
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Th
is
 w
as
 th
e 
H
ol
la
nd
 Is
la
nd
 h
ou
se
 
sh
or
tly
 a
fte
r t
he
 p
re
vio
us
 p
ho
to
. I
n 
te
rm
s 
of
 th
e 
pu
m
p 
in
du
st
ry
: t
hi
s 
co
ul
d 
be
 y
ou
r s
itu
at
io
n 
in
 a
 fe
w 
ye
ar
s.
 D
o 
so
m
e
th
in
g 
ab
ou
t i
t!
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W
ha
t…
 a
re
 y
ou
 w
ai
tin
g 
fo
r?
